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and Cx43 in cardiovascular tissues varies as a function of age, injury, and development with unknown consequences on the selectivity of junctional communication and its acute regulation. We investigated the PKC-dependent regulation of charge selectivity in junctions composed of Cx43, Cx40, or both by simultaneous assessment of junctional permeance rate constants (B dye) for dyes of similar size but opposite charge, N,N,N-trimethyl-2-[methyl-(7-nitro-2,1,3-benzoxadiol-4-yl)amino]ethanaminium (NBD-M-TMA; ϩ1) and Alexa 350 (Ϫ1). The ratio of dye rate constants (B NBD-M-TMA /BAlexa 350) indicated that Cx40 junctions are cation selective (10.7 Ϯ 0.5), whereas Cx43 junction are nonselective (1.22 Ϯ 0.14). In coexpressing cells, a broad range of junctional selectivities was observed with mean cation selectivity increasing as the Cx40 to Cx43 expression ratio increased. PKC activation reduced or eliminated dye permeability of Cx43 junctions without altering their charge selectivity, had no effect on either permeability or charge selectivity of Cx40 junctions, and significantly increased the cation selectivity of junctions formed by coexpressing cells (approaching charge selectivity of Cx40 junctions). Junctions composed of Cx43 truncated at residue 257 (Cx43tr) were also not charge selective, but when Cx43tr was coexpressed with Cx40, a broad range of junctional selectivities that was unaffected by PKC activation was observed. Thus, whereas the charge selectivities of homomeric/homotypic Cx43 and Cx40 junctions appear invariant, the selectivities of junctions formed by cells coexpressing Cx40 and Cx43 vary considerably, reflecting both their relative expression levels and phosphorylation-dependent regulation. Such regulation could represent a mechanism by which coexpressing cells such as vascular endothelium and atrial cells regulate acutely the selective intercellular communication mediated by their gap junctions. heteromeric channel; homomeric channel; carboxy-terminal domain; PKC-dependent regulation GAP JUNCTIONS ARE AGGREGATES of intercellular channels that form low-resistance pathways for direct communication of electrical and chemical signals between neighboring cells. Gap junction channels are composed of protein subunits termed connexins, for which there are 21 genes in the human genome (37) . The importance of gap junctions in development and proper function of cells, tissues, organs, and organ systems is increasingly supported by connexin-linked hereditary diseases and the results of targeted gene deletion and replacement studies (18) . The large number of connexin isoforms and their controlled expression and coexpression as a function of location, developmental stage, and both physiological and pathophysiological state suggest connexin-specific functional roles (13, 21) . Connexin 43 (Cx43) and Cx40 are coexpressed in multiple tissues of the cardiovascular system, including prominent expression in atrial and endothelial cells (13, 25, 40) , yet the physiological consequences of this coexpression and of variations in the amount and/or functional availability of either protein have not been thoroughly explored.
An important functional role for connexin proteins is their ability to form intercellular channels capable of supporting intercellular exchange of molecules up to ϳ1,000 Da (22) . The potential to form channels that in a connexin-specific manner differentially discriminate amongst available permeant molecules (i.e., display different selectivities) and the potential for connexin-specific regulation of junctional selectivity represent possible benefits of expressing multiple connexin isoforms at the cell and tissue level. Different connexins form channels and junctions with distinct permeability, selectivity, and conductance properties (22) . That junctions formed of a single connexin display variable permselectivity (defined as dye permeability relative to conductance) suggests possible regulation of channel permeability (16, 17) . Connexin-specific differences in junctional selectivity and regulated permselectivity for specific connexin-comprised junctions could provide for acute and long-term control of the specificity of intercellular communication, supporting or not the exchange of small signaling molecules and metabolites known to permeate gap junction channels (20, 22) . Although these possibilities have earlier (and often) been suggested in the literature, few studies have successfully quantified such regulation (17, 19, 23, 44) .
The aims of the present study were to determine the extent to which junctional charge selectivity could be varied by two mechanisms: 1) coexpression of multiple connexins (Cx43 and Cx40) and 2) protein kinase C (PKC)-dependent regulation. Our approach involved measuring the charge selectivity of individual junctions by simultaneous comparison of junctional permeance to two dyes differing in charge (23) , which allows for both the specific measurement of the junctional selectivity for a large number of individual gap junctions as well as for valid comparison of selectivity between different gap junctions. We show that dye-charge selectivity is a fixed parameter for junctions formed of either Cx43 or Cx40, whereas the dye-charge selectivity of junctions formed by cells coexpressing these proteins varies between that of Cx43 and Cx40 junctions with an intermediate average charge selectivity that relates to their relative expression levels. Treating Cx40-and Cx43-coexpressing cells with phorbol 12-myristate 13-acetate (TPA) to activate PKC shifts junctional dye-charge selectivity toward the cationic charge selectivity of Cx40 junctions in a manner that requires the carboxy terminus (CT) of Cx43. Thus, by coexpressing variable ratios of two connexins, cells gain long-term control of junctional charge selectivity as well as short-term control through kinase-dependent regulatory strategies.
MATERIALS AND METHODS

Cells.
Rat insulinoma (Rin) cells stably transfected with wild-type (WT) rat Cx43 (Rin43) (from Dr. Paolo Meda) (43) or WT rat Cx40 (Rin40) (8) were used for single connexin isoform experiments. Rin and Rin40 cells transiently transfected [by using Nucleofector II (Amaxa Biosystems) or Lipofectamine (Invitrogen) per instructions] with rat Cx43 truncated at amino acid 257 (Cx43tr) (15) were used for the Cx43tr and Cx40:Cx43tr experiments, respectively. It should be noted that the Rin cells express no endogenous connexins; consequently, in the absence of successful transfection the cells are not coupled, even at the single channel level. All types of Rin cells were maintained in RPMI with 10% FBS; medium for Rin43 and Rin40 cells also contained 300 g/ml G418. Transiently transfected Rin cells were used 12-48 h after transfection. Normal rat kidney epithelial (NRK) cells transfected for inducible expression of the CT (residues 235-382) of Cx43 were used for the Cx43ϩCT experiments (36) . NRKϩCT cells were grown in DMEM (Sigma D-1152 with 4.5 mg/ml glucose) with 500 g/ml G418 and hygromycin; CT expression was induced in the NRKϩCT cells with 1 g/ml doxycycline for 24 -48 h (17, 36) . A7r5 cells, an embryonic rat aortic smooth muscle cell line that naturally coexpresses Cx40 and Cx43 (American Type Culture Collection, Manassas, VA), were grown in DMEM with 10% FBS. A7r5C3 cells, engineered to express higher levels of Cx40 than the A7r5 parental cells (11) , were grown in DMEM (Sigma D-1152) with 10% FBS and 300 g/ml G418.
TPA treatments. Rin40, Rin43, and A7r5 cells in dishes or on coverslips were incubated in culture medium containing 100 ng/ml phorbol 12-myristate 13-acetate (TPA; Alexis Biochemicals) for 0, 15, 30, or 60 min at 37°C prior to isolation of total protein for Western blot analysis. Since changes in Cx43 mobility were already maximal at 15 min, dye injection experiments were carried out on these cell types pretreated for 15 min at 37°C with 100 ng/ml TPA and subsequently, throughout the dye injection period (at room temperature), in 100 ng/ml TPA in external solution (in mmol/l: 142.5 NaCl, 4 KCl, 1 MgCl 2, 5 glucose, 2 sodium pyruvate, 10 HEPES, 1 BaCl2, 1 CaCl2, 15 CsCl, and 10 TEACl, pH 7.2 and osmolarity 315 mosM). Because this treatment paradigm reduced the incidence of coupling to zero in the Rin43 cells, thereby precluding assessment of TPA's effect on junctional selectivity, a second set of experiments was performed using a strategy similar to that used previously to examine the effects of TPA on junctional conductance and channel properties (28) . Specifically, cells on coverslips were exposed at room temperature to 50 ng/ml TPA (in external solution) and dye injection experiments were performed over the ensuing 5-70 min.
Western blot. Total protein was isolated from cells treated as described above using Laemmli buffer. Protein content of the samples was measured by the BCA assay (Pierce Chemical; Rockford, IL). The samples were loaded (equal amounts of total protein) onto polyacrylamide gels (12%), electrophoresed at 200 V and transferred to a nitrocellulose membrane. The membrane was subsequently probed overnight with antibody against Cx43 (Sigma antibody C6219; 1:4,000 dilution) or against Cx40 [affinity purified, rabbit anti-rat Cx40 (residues 234 -332)-glutathione-S-transferase fusion protein; Dye selectivity measurement. The approach used to assess charge selectivity was previously described in detail (23) and briefly here.
Filters and dyes. Junctional permeant Alexa 350 (hydrazide sodium salt; Molecular Probes; Invitrogen, Carlsbad, CA), an anionic dye, and N,N,N-trimethyl-2-[methyl- (7-nitro-2,1,3-benzoxadiol-4-yl) amino]ethanaminium (NBD-M-TMA), a cationic dye (1), were used to probe junctional charge selectivity (see Table 1 for dye properties). Tetramethylrhodamine dextran (molecular weight 3,000: Molecular Probes), which does not permeate gap junctions, was used to distinguish cells connected by cytoplasmic bridges. The filter sets employed to visualize each dye exhibited no overlap between dyes (23).
Data collection. Cells were trypsinized and replated on glass coverslips 4 -48 h prior to study. The coverslips were then placed in a chamber containing external solution and cell pairs were visualized with an Olympus IX71 fluorescence microscope. One cell of a pair was injected (via a 1.0-mm thin-walled microelectrode) with a mixture of the two junctionally permeant dyes as well as the impermeant dye. After overcompensating electrode capacitance to facilitate dye injection and subsequent removal of the electrode, images were taken [CoolSnap ES camera (Photometrics) driven by Vϩϩ software (Digital Optics)] at 0, 10, 20, 30, and 60 s, and at 1-min intervals thereafter up to visual equilibrium or 10 min for Cx43 junctions and at 0, 0.5, 1, and 2 min, and at 2-min intervals thereafter for Cx40-containing junctions to document transjunctional diffusion of each dye as a function of time. These digital images were stored for subsequent analysis.
Data processing and analysis. Total fluorescence intensity of the donor and recipient cells were measured independently at each time point with ImageJ software. A selection area outside of but near the cell pair was similarly analyzed for background fluorescence. This was repeated for all images in the sequence (which included both dyes). The resulting image sequences were analyzed to obtain fluorescence intensity over time for both donor (injected) and recipient cells. These fluorescence intensity data were then fit with an exponential decay model (23) yielding a rate constant that is proportional to the permeance (permeability ϫ cross-sectional area) of channels between the cells to each of the dyes measured. Cell pairs for which no increase in fluorescence in the recipient cell could be detected were regarded as not coupled. Incidence of dye coupling is reported as the number of detectably coupled cell pairs relative to the total number of injected cell pairs.
Statistics. Rate constants for NBD-M-TMA and Alexa 350 for each cell pair of a specific cell type and treatment group were plotted and the correlation coefficient for changes in B NBD-M-TMA vs. BAlexa 350 was determined. The mean of the ratio of rate constants (junctional charge selectivity) was also calculated. Differences in mean junctional charge selectivity between cell types or treatment groups was determined with a t-test (unpaired, two sample, assuming unequal variance). The coefficient of variation (CV) of a population was calculated as the standard deviation of the population relative to its mean and expressed as a percentage of the mean. Differences in variability of 
RESULTS
Charge selectivity of Cx43 and Cx40 junctions.
The charge selectivity of Cx43 and Cx40 homomeric/homotypic junctions was investigated by comparing the simultaneously measured permeances of individual Rin43 or Rin40 cell junctions with dyes of similar size but differing charge (23) . Figure 1 shows data acquired during single experiments performed on a pair of Rin43 (Fig. 1, A and B) or Rin40 (Fig. 1, C and D) cells. The data for both NBD-M-TMA (Fig. 1 , A and C) and Alexa 350 (Fig. 1 , B and D) in both recipient and donor cells were well fit (dashed lines) and yielded comparable rate constants (B dye ) for the Rin43 junction but rate constants that differed by ϳ10-fold for the Rin40 junction. The results of multiple such experiments are shown in Fig. 2 , both as a plot of B NBD-M-TMA vs. B Alexa 350 for each junction ( Fig. 2A ) and as bar graphs in which the means for all pairs are compared (Fig. 2B ). Data for cells connected by a cytoplasmic bridge (permeable to rhodamine-tagged dextran) rather than a gap junction are also shown. For all three data sets B NBD-M-TMA and B Alexa 350 were strongly and linearly correlated with slopes near 1 for Cx43 and cytoplasmic bridges and near 11 for Cx40, indicating an overall lack of charge preference or selectivity for Cx43 junctions and cytoplasmic bridges and an approximate 11:1 preference for permeation by cations over anions for Cx40 junctions.
Influence of the CT on junctional charge selectivity. It is generally thought that the CT of Cx43 participates in regulation (voltage and chemical gating) of Cx43 channel function; certainly removal of the CT results in the loss of specific conductance states, which is widely regarded as evidence of such regulation (12, 24, 33) . To determine whether the selectivity of Cx43 junctions to dyes of opposite charge might differ when the CT was absent or present in excess, we measured the dye-charge selectivity of junctions formed by only the poreforming domain of Cx43 (Cx43tr) and of Cx43wt channels functioning in the presence of excess CT (17, 36) . It should be noted that excess CT limits the extent of phosphorylation of the full-length coexpressed Cx43 (36) . Figure 3 shows that charge selectivity of junctions composed of Cx43tr and of Cx43wt functioning in the presence of excess CT were not different. In both cases, the junctions showed no evidence of charge selectivity. The absence of any measurable difference in charge selective properties of junctions formed by truncated Cx43 and Cx43wt with excess CT suggests either that the domain does not regulate charge selectivity of Cx43 channels and junctions or that such regulation is not prevalent under control, nonstimulated conditions in these cell types.
Despite the absence of obvious change in junctional charge selectivity upon CT truncation or with excess CT (dephosphorylation of full-length Cx43) demonstrated by the above data, numerous studies have shown regulation of Cx43 junctional function by kinases that directly target the CT for phosphorylation (27) . To determine whether Cx43 charge selectivity might be regulated by phosphorylation, for example by increasing cationic dye permeability as suggested by Eckert (16), we assessed the effects of PKC activation (TPA treatment) on the dye-charge selectivity of Cx43 comprised junctions. Previous studies (28) demonstrated that (38) PKC activation reduces the electrophoretic mobility of Cx43, an effect resulting from phosphorylation of the Cx43 protein. Figure 4 shows that TPA treatment resulted in a similar reduction in electrophoretic mobility of Cx43 in both Rin43 and A7r5 cells but had no effect on the mobility of Cx40 in these cell types. The effect of TPA (100 ng/ml) on Cx43 was maximal after only 15 min of treatment at 37°C.
TPA treatment decreased the incidence of coupling in Rin43 but had no effect on coupling incidence in Rin40 cells. Whereas 69 Ϯ 6% of untreated Rin43 cells (n ϭ 50, nine groups) were dye coupled (Fig. 5A) , dye coupling was significantly (P Ͻ 0.001) reduced to zero percentage in Rin43 cells pretreated for 15 min at 37°C with 100 ng/ml TPA (n ϭ 18, 3 treatment groups). Since our ultimate goal was to assess the effect of TPA treatment on junctional selectivity, we also treated the Rin43 cells with 50 ng/ml at room temperature and found that only 35 Ϯ 6% (n ϭ 14, 4 groups) of Rin43 cell pairs remained dye coupled over the 65-min treatment period (compared to 86 Ϯ 9% in untreated cell pairs, n ϭ 15 in 3 groups). Both the incidence and magnitude of coupling decreased with treatment time (Fig. 5B) . Although NBD-M-TMA and Alexa 350 permeances were reduced in the Rin43 cells that remained coupled during treatment with 50 ng/ml TPA (Fig. 5, B and C) , their relative permeabilities were unaffected (Fig. 6 ), indicating that junctional charge selectivity was unaffected by PKCdependent phosphorylation.
The above data indicate that Cx43 junctions are nonselective with respect to permeant charge and that the CT domain of the protein, despite affecting other parameters of channel function, has little if any influence on junctional charge selectivity. Like Cx43 junctions, charge selectivity of Cx40 junctions was invariant under control conditions (Fig. 2) ; but Cx40 junctions displayed an approximate 10-fold preference for cationic vs. anionic permeants. To determine whether the charge selectivity of Cx40 junctions might be regulated by PKC activation, we treated Rin40 cells with TPA (preincubation protocol, 100 ng/ml, 37°C, 15 min) and measured charge selectivity using the dual-dye technique. Both the incidence of dye coupling and the NBD-M-TMA and Alexa 350 permeances were unaffected by TPA treatment (Fig. 5, A and D) , as was junctional charge selectivity (Fig. 6) . These results indicate that the loss of dye coupling observed in 100 ng/ml TPA-treated Rin43 cells was not due to a nonspecific effect of TPA treatment on Rin cells and, importantly, further suggest that the incidence of functional Cx40 junctions and their overall dye charge selectivity are unaffected by TPA treatment.
Variable junctional charge selectivity in Cx40-and Cx43-coexpressing cells. Since the selective properties of both Cx43 and Cx40 junctions were invariant, with Cx43 junctions being nonselective and Cx40 junctions being cation selective, we hypothesized that in coexpressing cells junctional charge selectivity would vary between the boundaries set by the homomeric/homotypic junctions in a manner reflecting the relative expression of Cx40 and Cx43. This hypothesis was tested by the dual-dye technique on cells that coexpress Cx40 and Cx43 at ratios (Cx40:Cx43) of ϳ3:1 (A7r5) and 10:1 (A7r5C3) (6, 11). For A7r5 cells, in which junctional channels are predicted to be variably comprised with greater than 80% containing both connexins (11), junctional charge selectivity was quite variable (Fig. 7A) and B NBD-M-TMA vs. B Alexa 350 were poorly correlated (r ϭ 0.34). For A7r5C3 cells, in which ϳ60% of channels are predicted to contain only Cx40 (11), junctional charge selectivity was considerably less variable ( Fig. 7A) and B NBD-M-TMA vs. B Alexa 350 were well correlated (r ϭ 0.96). These data thus indicate that the individual junctions formed by cells that coexpress Cx40 and Cx43 can vary in their charge selectivity from that of homomeric/homotypic Cx40 to that of homomeric/homotypic Cx43 and further that average charge selectivity increases as the contribution of the connexin forming selective (Cx40) vs. nonselective (Cx43) channels increases.
Regulation of junctional charge selectivity in Cx43-and Cx40-coexpressing cells. Since Cx43-, but not Cx40-, mediated dye coupling was significantly compromised following PKC activation, we hypothesized that such differential, PKCdependent regulation of these nonselective vs. cation selective channels would provide a mechanism whereby junctional charge selectivity in coexpressing cells could be regulated acutely toward greater cation selectivity. To test this hypothesis the charge selectivity of junctions in TPA-treated A7r5 cells was determined and compared with junctions in untreated cells. TPA significantly increased average junctional charge selectivity of A7r5 cell junctions (B NBD-M-TMA /B Alexa 350 treated: 9.8 Ϯ 1.9 vs. untreated: 5.2 Ϯ 0.9, P ϭ 0.043; Fig. 8, A and B) . These data indicate that coexpression of a connexin subject to regulation by a specific signaling cascade with one that is not provides cells with an acute (as little as 15 min) mechanism for regulation of junctional charge selectivity.
Influence of Cx43 CT on regulation of junctional charge selectivity in coexpressing cells. Since TPA increases the cationic selectivity of junctions formed by cells coexpressing Cx40 and Cx43, likely due to closure of channels containing (principally) Cx43, we hypothesized that coexpression of Cx40 with Cx43tr, which lacks the residues targeted by PKC, would result in TPA-insensitive junctions with variable charge selectivity intermediate to homomeric/homotypic Cx43 and Cx40 Fig. 4 . Electrophoretic mobility of Cx43, but not Cx40, is altered by phorbol 12-myristate 13-acetate (TPA) treatment of Rin43, Rin40, or A7r5 cells. Total protein was isolated from Rin43, Rin40, and A7r5 cells treated for 0, 15, 30, or 60 min with 100 ng/ml TPA at 37°C. Mobility of Cx43 (left) was altered in both Cx43-expressing cell types, consistent with PKC-induced phosphorylation of Cx43. No changes in the mobility of Cx40 were observed (right). junctions. As expected from the A7r5 cell data, transient introduction of Cx43tr into Rin40 cells resulted in junctions with an average charge selectivity of 4.9 Ϯ 1 (n ϭ 17), a value intermediate to that of Cx40 or Cx43 comprised junctions (Fig.  8, C and D) . TPA treatment of these Cx43tr expressing Rin40 cells did not alter their average charge selectivity (4.7 Ϯ 1.2, n ϭ 19) (Fig. 8, C and D) . These data indicate that the increase in cation selectivity observed for TPA treated A7r5 cell junctions results from TPA-induced (PKC-dependent phosphorylation) regulation of channels containing Cx43, regulation that requires the CT of Cx43.
Regulated charge selectivity: channels. The range of junctional charge selectivity (B NBD-M-TMA /B Alexa 350 ratio) values for the Rin43 and Rin40 data sets was always less than twofold and never differed from the mean of the respective data set by more than 33%. Comparable small coefficients of variation (F test: P Ͼ 0.5) for the Rin43, Rin40, and cytoplasmic bridge data sets (17, 16 , and 15%, respectively) suggest that this range of variability stems from limitations of the dual-dye measurement technique and further that charge selectivity is essentially a fixed, invariant property of Cx43 and Cx40 junctions and thus of the channels comprising those junctions, as was previously concluded (23) . In contrast, the individual values for charge selectivity of A7r5 junctions varied over a 15-fold range and differed from the mean value by as much as 225% (Fig. 9) . Similarly, the individual charge selectivity values of the Cx43tr expressing Rin40 junctions varied over a 13-fold range, differing from the mean value by as much as 160% (CV: 81%). This variability was much greater than for either Cx43 or Cx40 junctions and resulted in an approximately fivefold larger CV (78% for A7r5, 81% for Rin40ϩCx43tr vs. 17 and 16% for Cx40 and Cx43 junctions; F tests: P Ͻ 0.001). These data strongly suggest that the channels formed by cells coexpressing Cx40 and Cx43 are not homogeneously selective, consistent with their mixed unitary conductances and variable voltage-dependent regulation (9 -11).
As shown above, TPA treatment of A7r5 cells increased the mean selectivity of A7r5 cell junctions toward a Cx40-like selectivity; however, the variability in junctional selectivity in TPA-treated A7r5 cells, although reduced relative to non- treated A7r5 cells, was still greater (P Ͻ 0.05) than that of Cx40-only junctions (range of junctional charge selectivity values was ϳ4-fold, compared with 15-fold in untreated A7r5; CV was 45% compared with 225% in untreated A7r5; individual values differed from the mean by as much as 66% compared with 160% in untreated A7r5). These data suggest that the channels comprising the TPA-treated A7r5 cell junction remain heterogeneously charge selective. Finally, the changes in junctional properties induced by TPA treatment of A7r5 cells depend entirely on the presence of the CT domain of Cx43 in those junctions. Thus the selectivity of junctions formed by cells coexpressing Cx40 and Cx43tr was unaffected by TPA treatment; the variability in the individual values of junctional selectivity varied over a 24-fold range, with a maximum difference from the mean of 250% and a CV of 104%. None of these values differed significantly from untreated cells coexpressing these proteins.
DISCUSSION
In the present study we investigated the long-and short-term consequences on junctional charge selectivity of coexpressing Cx40 with Cx43 at different expression ratios (long-term regulation) and different acute stimulatory conditions (shortterm regulation). Comparison of results from coexpressing cells to cells expressing a single connexin provided evidence for both short-and long-term regulation of junctional charge selectivity in the coexpression setting that was absent in cells expressing a single connexin.
The dual-dye approach used in the present study for assessing junctional charge selectivity is well suited to quantifying the extent to which junctional charge selectivity and therefore the combined selectivities of the comprising channels vary from one junction to the next. Such an evaluation is not possible by using traditional approaches in which the permeability of each dye is determined in separate experiments across different junctions (and comprising channels). In addition, the dual-dye approach facilitates acquisition of highly quantitative selectivity measurements from large numbers of junctions, allowing for accurate assessment of average junctional selectivity properties that are independent of the variations in channel number that can be expected to occur between different cell pairs, cell types, and connexin isoforms.
Invariant charge selectivity of Cx43 and Cx40 junctions. The dual-dye technique yields a quantitative measure of the charge selectivity of a junction, which reflects the combined charge selectivities of the channels therein. Variation in charge selectivity from one junction to the next thus indicates variation in the charge selectivity of the comprising channels. Thus comparison of charge selectivity data obtained from multiple junctions reveals the extent to which the selectivity of the comprising channels varies under similar or different experimental conditions. The excellent correlation between permeance to NBD-M-TMA and Alexa 350 across junctions formed of either Cx40 or Cx43 channels ( Fig. 2A) and the fact that the less than twofold range in variability in these selectivities is similar to that found for cytoplasmic bridges (Fig. 9) suggest that the charge selectivity of junctions and therefore channels formed of either of these two connexins did not vary significantly from one cell pair to the next under control, nonstimulated conditions.
Charge selectivity of junctions composed solely of Cx43 or Cx40 is not obviously regulated. It has been suggested that charge selectivity of Cx43 channels could be altered by the extent of resident negative charge resulting from variable phosphorylation of the CT (16) . If this were true, then phosphorylation could provide a mechanism whereby gap junctions composed of a single connexin could display a broad range of charge selectivity, a range that would reflect the variable phosphorylation of the CT of each of the 12 connexin subunits. Certainly previously published results suggest involvement of the CT in phosphorylation-dependent gating (28) , regulation of channel permeability (17) , and charge selectivity (2, 16, 34) , as well as in targeting to and removal of the protein and channel from the membrane (30, 35) . In the present study we show that truncation of the CT did not significantly alter, relative to the wild-type channel under control conditions, the dye-charge selectivity of dye-permeable Cx43 channels. We also show that strategies previously shown to reduce [expression of excess CT (36)] or maximize [through TPA-mediated activation of PKC (28)] phosphorylation of Cx43 did not obviously change the charge selectivity of Cx43 junctions despite, with TPA treatment, reducing both the incidence of dye coupling and the average permeance values for both dyes. These results suggest that the CT does not regulate the charge selectivity of the Cx43 pore (by altering the electrostatic environment of the channel). This conclusion is consistent with conclusions of other studies involving different connexins showing that the primary determinants of conductance, permeability, and selectivity do not reside in the residues of the CT but elsewhere in the connexin protein (14, 32, 39) . It is noteworthy that, although data from the present study suggest a lack of involvement of the Cx43 CT in determining the selective properties of dye-permeable channels, the data do not preclude a role for the CT (and phosphorylation therein) in regulating channel configuration to one that is not readily permeated by dyes (and other molecules of comparable size) (2, 5) but possibly still permeated by currentcarrying ions (2, 17) .
Although Cx40 has not been demonstrated to be a direct target for PKC-dependent phosphorylation, we nevertheless tested Cx40 comprised junctions for possible (direct or indirect) regulation of charge selectivity following PKC activation. Our data demonstrate that unlike Cx43, the incidence of coupling in Cx40 expressing cells and the permeances of Cx40 junctions to both NBD-M-TMA and Alexa 350 were unaffected by PKC activation. Thus, like Cx43 comprised junctions, the charge selectivity of Cx40 junctions was unaffected by PKC activation.
Long-term regulation of junctional charge selectivity in cells coexpressing Cx43 and Cx40. Given that Cx43 vs. Cx40 junctions and channels display different charge selectivities that appear to be essentially fixed parameters of channel function (i.e., not acutely regulated), one would predict that junctions containing both connexins would display a charge selectivity value intermediate to homomeric/homotypic Cx40 and Cx43 junctions. If the contribution of Cx40 and Cx43 to the channels comprising the junction varied from one cell pair to the next [as is predicted by probability theory (11)], then junctional charge selectivity would be expected to vary in parallel with their relative expression, with cells expressing more Cx40 showing higher cationic charge selectivity and cells with more Cx43 showing lower charge selectivity. Two experimental groups in the present data support this expectation. First, A7r5C3 cells (10:1 Cx40:Cx43) showed significantly higher average cationic charge selectivity than A7r5 cells (3:1 Cx40:Cx43) (Fig. 7) . Second, the range of junctional selectivities measured in A7r5 cells and in Rin40 cells coexpressing Cx43tr varied from nonselective, like Cx43 junctions, to strongly cation selective, like Cx40 junctions (Fig. 9A) . These results indicate that although the average Cx40:Cx43 protein expression ratio in these cells may be predictive of average junctional connexin composition, it is not predictive of the junctional composition of every cell pair, as previously concluded (6, 11) . The significance of this observation is potentially large when it is recognized that heterogeneity of coupling, arising from nonhomogeneous expression or regulation, contributes to abnormalities of function in the heart (29, 31), brain (46) , and potentially other tissues. The data also indicate that charge selectivity of the junctions formed by coexpressing cells depends on the selective properties and relative permeability of each of the comprising channels whose compositions are expected to reflect the relative contribution of each connexin to the junction. Thus, by regulating the relative expression of the two proteins (long-term regulation), cells regulate the selectivity of the intercellular communication pathway. However, such long-term regulation does not preclude acute, short-term regulation, as discussed next.
Short-term regulation of junctional charge selectivity in cells coexpressing Cx43 and Cx40. Increased phosphorylation of Cx43, particularly by PKC, has been shown to reduce dye permeability of Cx43 junctions (26, 35) and hemichannels (2) to molecules similar in size to the dyes used in the present study. Increased phosphorylation of Cx43, through PKC activation, has also been shown to reduce both macroscopic and unitary conductance of Cx43 junctions and channels (7, 28, 34) , while having no effect on (7) or reducing (3, 4) the electrical communication properties of Cx40 junctions. These results were confirmed and extended in the present study. Following TPA exposure, dye permeability of Cx43 junctions was reduced without affecting charge selectivity; neither charge selectivity or dye permeability of Cx40 junctions was altered by TPA treatment. The significant increase in charge selectivity of TPA-treated A7r5 cells is consistent with elimination or reduction of permeability through channels that were predominantly composed of Cx43. The lack of sensitivity of Cx40:Cx43tr junctions to TPA indicates a requirement for the Cx43-CT domain in the TPA-induced increase in charge selectivity of A7r5 cell junctions. The extent to which channel removal or gating to a dye-impermeable configuration are involved in the decrease in dye permeability of these junctions cannot be evaluated. However, the data do suggest that PKC activation preferentially reduces permeability through Cx43-containing channels and results in increased cationic charge selectivity of junctions formed by Cx40-and Cx43-coexpressing cells.
Significance. Although junctional selectivity properties for permeants of the size and charge of the dyes used in the present study do not appear to be variable (regulated) parameters of junctions composed solely of either Cx43 or Cx40, data presented herein suggest that coexpression of these connexin isoforms provides cells with a strategy for both long-and short-term regulation of junctional charge selectivity and permeability, in a manner that is predictable from the properties of the channels formed by the individual connexins. Such longand short-term regulation strategies could represent a general mechanism by which the selective diffusion of signaling molecules or metabolites through gap junctions could be controlled at different times, locations, or physiological and pathophysiological conditions, where the ability to differentially discriminate between possible junctional permeants could be of great importance (41, 42) . Understanding the selectivity and permeability properties of junctions and channels formed of each connexin isoform and the potential ability to modulate these parameters could lead to reasonable predictions of the selective properties of permeation through junctions of mixed connexin composition under different conditions. The capacity of different connexin isoforms to respond uniquely to similar stimuli and thereby alter the selectivity and permeability properties of gap junctions of mixed connexin composition could prove to be a key concept in understanding connexin-specific functional roles and to be an important reason for the large number of connexin isoforms and their coexpression.
